Abstract: This paper uses a market potential approach to examine the evolution of the rail transport network of China and its spatial distributional impacts on local accessibility, with a particular focus on high-speed rail improvements. Accessibility is measured by using a "market potential" function that was derived from the general equilibrium model of the economic geography literature, and is empirically calculated based on Geographical Information System (GIS) techniques. A key finding, albeit from a highly stylized model, is that rail improvements may help raise territorial polarizing patterns across counties. The results point to the profound implications of railroad network expansion on the accessibility dynamics in periphery regions relative to core regions.
Introduction
High-Speed Rail (HSR) investments have undoubtedly affected the transformation of cities, both locally and globally [1] . State and federal HSR investment programs are important policy tools for promoting the economic growth in specific regions, typically economically-prosperous metropolitan areas. But there is considerably debate about the effectiveness of transport improvements in spurring regional cohesion and growth in developed countries such as South Korea, France, Germany, and Spain [2] [3] [4] [5] .
In "Transit-Induced Accessibility and Agglomeration Benefits", Cervero highlighted the importance of quantitative methodologies in measuring the aggregated benefits of railroads and roads. Cervero argued that small differences in the distance to transit lines would cause adjacent areas to thrive relative to others. Despite the central role of the market potential function in theoretical models, empirical studies have mostly ignored its application in large developing countries. It has instead emphasized effects on labor markets and urban growth, or on the macro descriptive analysis of the rail network evolution process in the 20th century (see Wang [6] for reviews).
While existing studies have examined the economic benefits of accessibility improvements, this paper examines the evolution of Chinese counties' market potentials induced by rail transit improvements, maintaining the focus on the diffusion of transit-induced accessibility dynamics between core regions and periphery regions. The fundamental challenge of empirical evaluations of accessibility dynamics is that, counties' access to rail networks are influenced not only from particular counties gaining new HSR designation and/or county-to-rail distance reductions, but also by changes elsewhere in the network. This implies that it is difficult to find "control" counties that are not affected by rail network expansions. For example, county M receiving new HSR connections would affect other neighboring counties that can now access to HSR services through county M, and so on. Thus, static accessibility measures based on distance to train stations may lead to biased evaluations of HSR's aggregated impacts. To explicitly address this concern, we define a local area's accessibility by using the accessibility-based market potential methodology as developed in the economic geography and planning literature [7] [8] [9] [10] . As far as we know, the existing application of this methodology at the county-level is limited in large developing countries.
The rest of this paper is structured as follows. Section 2 reviews previous evidence on the transit-induced accessibility. Section 3 describes the construction of the dataset and the methodology. Section 4 presents the accessibility analysis and spatial development models for illustrating the transit-induced accessibility evolution in China. Section 5 concludes.
Related Literature
Understanding transit-induced accessibility is of great importance for two main reasons. Firstly, better market access benefits the transformation of industries shifting to peripheral regions, and the subsequent spatial diffusion of development between metropolitan areas and peripheral regions, particularly in fast urbanizing countries [10] . To some extent this is true, accessibility dynamics induced by transport improvements within domestic national borders could play a critical role in influencing regional disparities and core-periphery urban systems [11] . Secondly, the transit-induced accessibility consequences may differ significantly when taking account of total population that is reachable using the transportation network from a given city or neighborhood. Since the existing measurement of the accessibility usually calculated by the density of rail stations, weighted average travel time [12, 13] or by contour measures only facilitates the gathering of accessibility information on the local environment [13] [14] [15] [16] . accessibility benefits gained by areas from elsewhere in the network may also be very important for evaluating the market potentials from a general equilibrium perspective [7] [8] [9] [10] . In this section, we highlight the relevance of our paper to several strands of literature on which we try to improve in our work within a large developing country context. First, our work adds to the literature dealing with the effects of HSR on spatial (and social) polarizing effects. Core-periphery patterns may be intensified when a new HSR link opens, linking core to periphery regions [17] [18] [19] [20] . For example, Gutierrez [12] argued that the proposed HSR network in the EU region may increase territorial polarization between mega-cities and periphery regions. For example, new HSR networks in London have been aimed at attracting business service jobs to central London areas, such as King's Cross-St Pancras, with the hopes of creating multiplier effects to regenerate neighboring depressed urban districts [21] . In France and Spain, the building of HSR networks has also been viewed as a policy lever to improve market integration and agglomeration [22] . Hall [23] argues that connecting to the HSR network is functioned as a boon to the development of edge cities surrounding mega-cities. Sánchez-Mateos and Givoni (2009) evaluated the accessibility effects of the HSR line in England, with a specific focus on analyzing whether cities that were directly linked to that line could gain more benefits than comparable areas without HSR-linkages.
In addition, our existing knowledge about accessibility evaluations of rail network systems using a market potential function is relatively limited in China. Most of the existing studies have focused on the economic implications of railroad networks. For example, Banerjee [24] suggest that proximity to a railroad network has a modest positive impact on county GDP per capita levels across broad industry sectors. Baum-Snow [25] document the significant impacts of railways on the decentralization of urban population and industrial GDP. Zheng and Kahn [26] estimate the impact of proximity to high-speed rails on real estate prices of neighboring cities in particular regions of China.
While most of the existing studies have focused on economic impacts of railway infrastructure by addressing the endogenous concern about route placements, we focus on exploring the spatial diffusion patterns of rail network expansions and accessibility improvements. In what is probably one of the two most closely related papers to our work, Cao [27] was concerned with the aggregated impacts of China's HSR development on the spatial distribution of accessibility for 49 major prefecture cities. In a similar vein, Wang [6] used the distance-based proximity index to measure the evolution of rail networks across 330 prefecture cities in China between 1906-2000. These studies demonstrate that accessibility measures are useful tools in assessing the impact of rail network expansions.
Our work fits with existing literature in similar empirical settings in two ways. First, our units of observations are counties in mainland China. Counties are defined as the fundamental administrative census unit that allows us to look at the effects at the micro level. Second, we avoid the broad inquiry for comparing traditional accessibility measures. Instead, we narrow down our focus on assessing the evolution of local accessibility based on Harris's [8] market potential function that more completely reflects the general equilibrium impacts of rail network expansions.
Data, Methods, and Implementation

China's HSR Development
China has been known over the past six decades for its rapid rail transportation infrastructure improvements. By the foundation of the People's Republic of China in 1949, China had only around 23,000 km of railroads over space, and these railroads were constructed for the purposes of national defense and shipping raw industrial materials during the World War II. By the 1990s and 2000s, however, China's railroad constructions were widely considered well-funded, with operating rail transit lines increased to around 66,000 km and connecting all major cities and counties along the railway networks.
The development of high-speed railways (HSR) at the national scale began with the announcement of the Mid-long Term Railway Network Plan by the State Council in 2005, with the goal of expanding high-speed railroad length to 100,000 km by the end of 2020. This plan was further revised by the State Council in 2008 to construct 120,000 km of HSR lines by the end of 2020, with a budget of around 4000 billion yuan [28] . China's HSR network is structured on three components: upgrading existing rail lines that can run high-speed trains, intercity HSR lines (including the Maglev High-Speed Line) linking large metropolitan areas, and some special passenger dedicated HSR lines (PDLs). The average speeds for these HSR trains vary from 200 km/h to 350 km/h, but all of these lines can be treated as the HSR system. As stated in the plan, the typical route arrangement for constructing HSR lines is based on the distribution of population, natural resources, national defense, environmental protection, as well as the economic geography of each province and region. In terms of financing arrangements, the State government pays over half of the HSR construction costs and the destination city governments are expected to pay the remainder together with some state-owned organizations. Today, China is the world's largest HSR market. As of the end of 2012, there were about 17,000 km of HSR lines in operation, carrying trains of an average speed of above 200 km/h. Recent studies suggest that rail transit network expansions have allowed for falling trade costs and the diffusion of economic activities through commuting time savings [24, 27, 29] . This rapid expansion of the HSR networks means that there are many new HSR stations and lines, and substantial changes in the geographical patterns of railroad accessibility in China, on which we can base our evaluations.
Transportation Network Database
China's railway network is a scale-free network [30] , and thus it is useful for using the shortest route path strategy for organizing the transportation network database. This section describes a newly-constructed geographic information system (GIS) network dataset that can be used to exploit the county-level variation in the railroads and road networks over time. Geo-referenced county boundaries, HSR locations, and transport network data were obtained from the Institute of Geographic Science and Natural Resource Research, Chinese Academy of Science. These data were digitized on the basis of a collection of high resolution road and railroad atlas sources and geo-referenced by using the same projection system in order to have consistent distance-measure calculations over time.
Our empirical analysis relies on the computation of the least cost routes in terms of travel times between county pairs as a useful proxy for changes in accessibility due to expansion of the rail transport networks. To calculate travel times, we need information on traffic speeds and least-length routes between county pairs. The first requirement is easily met by our data since we obtained averaged railway traffic speeds from the Technical Standards of Railway Engineering of China. In particular, our GIS railway network includes two different railway levels (ordinary railway tracks and high-speed railway tracks). Different railway levels are designed to have different averaged traffic speeds: 120 km per hour for ordinary railways, and 250 km per hour for high-speed railways. The HSR in China has two levels of speed, 200 km/h for D trains and 300 km/h for G trains. However, we used the speed of 250 km/h for all HSR in this study for simplicity. In the robustness tests that are not reported here, we applied different speed scenarios to test the sensitivity of the HSR effects, and the results were similar. The second requirement is hard to meet since county-to-county routes for each transportation mode should be calculated by using a large origin-destination matrix.
Our aim is to obtain the best possible optimal routes in terms of travel times between county pairs, so that we can estimate the impact of changing railway accessibility on changes in land development, conditional upon changes in roadway accessibility (mainly driven by highway improvements). In doing so, we apply GIS techniques to measure the shortest routes in terms of travel times under two scenarios: (1) railway networks in 2006; and (2) railway networks in 2014.
For our purposes, we use GIS topology tools to ensure exact network connections between all railroad line segments in order to facilitate the iterative computation of the optimal routing algorithm. In light of precision issues, we can create random points within each county, calculate the distance from each point to the closest rail station for departures, and take the nearest distance from the departure station to the destination station. The rail station location is measured by using the centroid point of each county. We can then adjust the origin-destination travel times along each centroid connection to within-county railways to reflect a county's average travel times.
There are several limitations of the constructed transport network database. First, our network data does not allow us to observe travel time changes induced by changes in congestion resulting from expansions of transport networks. This is the second-order effect that may be partly endogenous to economic outcomes. In the empirical analyses, we focus on the first order effect that considers a transport improvement as a travel time reduction along the least-cost routes between county pairs. Second, traffic speeds are held constant throughout the lowest-route calculations. Traffic speeds may vary with local market potentials. However, one advantage of using the constant national traffic speed standards is that any measured changes in travel times and accessibility are determined by the variation in the location of transportation routes rather than traffic speeds. Finally, we are aware that the shortest route path strategy along the railway lines may only provide an approximation for accessibility since it is hard to take into account the waiting times for trains and other transfer times into consideration.
A Market Potential Function
This paper takes on the methodological challenge of constructing accessibility measures to the effects of HSR network expansions. Measures applied in similar empirical settings include distance to the nearest highway or railroad, local railroad density, number of rail stations at the local area level, public capital spending on rail infrastructure, and the existence of railways by location by year.
Our guiding principle in defining the railway accessibility index has been to follow Harris's market potential function [8] that has been recently used in the literature [11, 12, 26] . In essence, it captures the amount of population that is reachable using the transportation network from a given county unit, inversely weighed by the travel times to reach other counties. We can solve this implicit function numerically and write the counties' calculated accessibility as follows:
where A it is an index of accessibility in place i, at year t by railroads, and Ω ijt is the transportation cost along the minimum travel time route along a transport network from place i to place j at year t. P j is the 2000 population in place j. The parameter of θ is the cost-distance spatial decay parameter from the origin i to destination j. There are several concerns underlying the above equation. The first potential source of bias might come from the measure of the transportation cost. A full measure of transportation costs would require information on characteristics of infrastructure, labor and energy use, tax, toll charges, and other financing packages. However, in light of recent economic studies, all direct and indirect characteristics that affect transport costs are expected to reflect in changing travel times, and so our measurement should offer a good proxy for changes to transport costs [11] . Second, when one is reading the results, it is important to note that our database has restricted us to drop the consideration of the frequency of train services during origin-destination travel time computations, and we do not know if any ordinary rail lines closed with the opening of new HSR lines. We acknowledge this issue. In some countries when a new HSR opens, conventional HSR lines that used to cover those links are closed, and the number of train stations can be reduced, given the characteristics of HSR. This may have negative consequences for people living in places where the conventional rail station is no longer in use and the nearest HSR station is far away. In many cases this may induce long term effects of people moving to live near HSR stations (increasing agglomeration effects). Ideally, we should also consider the border effects in the data computations because continental regions at the border of China's frontiers would otherwise show reduced accessibility values. There are several ways to include interactions with neighboring countries [16, 30] . This is related to the consideration of spillover effects of new transport infrastructure investments, using accessibility indicators [31, 32] .
Finally, the expression for the accessibility index in Equation (1) requires an estimate of θ. This elasticity parameter is to reflect a spatial decay function of the transportation cost of travelling from the origin county i to the destination county j. Potential weighting schemes are well discussed in the existing literature. As a benchmark, we use the simple inverse cost weighting scheme (θ = 1) in which the transportation cost is the "optimal" travel time between locations j and k at time t. By assuming a value of one, it reduces our measure of market access to an older notion of "market potential" [8] . In robustness checks reported below, we used an alternative distance weighting scheme (θ = 4) from Simonovska and Waugh [33] and Donaldson and Hornbeck [12] to test the sensitivity of the empirical results to different spatial decay parameters. But this is mainly a mechanical re-scaling of "market potential" measures and the impact of rail network expansions would have differential effects on accessibility. When interpreting the results, one should clarify the implied impact of the distance decay parameter value on accessibility. Low distance decay parameter values might emphasize relationships over long distances, whereas high distance decay parameter values might emphasize relationships over short distances.
Results
Improvements in Accessibility Indices
This section presents some early findings from the evolution of accessibility patterns in China without considering the causal effects of rail network expansions on economic growth. Our baseline accessibility measure assumes the spatial decay weighting parameter θ is 1. Column (1) of Table 1 shows the average accessibility value and changes in the accessibility index between 2006-2014 respectively with the implicit assumption that the spatial decay weighting parameter θ is 1. The corresponding distribution for accessibility changes with alternative spatial decay weighting parameters during the same period is shown as reference and comparison in columns (2) and (3) of Table 1 . Three important patterns emerged. First, the average rail accessibility improvements experienced a rise of 19.29% at the national level (Table 1 ). This overall accessibility improvement indicates that the RTNC has become a more compact system over time. However, spatial variations of accessibility dynamics are obvious. Following the convention, we divided the whole sample into three regions: Eastern region, Central region, and Western region. The relative average accessibility ratio between the Eastern region and the nationwide level is 1.2, much higher than the Central region (1.16) and the Eastern region (0.75). In terms of accessibility change rates, we found substantial improvements in the Eastern region (a rise of 26.65%), as compared to other regions. Looking specifically at variations at the province level, provinces generally experienced accessibility improvements (Figure 1) . The y-axis of Figure 1 plots the province-level accessibility growth rate between 2006 and 2014, whereas the x-axis of Figure 1 plots the relative ratio between mean accessibility levels by provinces and the national mean level. In terms of territorial polarizing effects, provinces from the Western region such as Xinjiang, Gansu experienced much lower accessibility growth rates than those from the Central and Eastern regions. Three important patterns emerged. First, the average rail accessibility improvements experienced a rise of 19.29% at the national level (Table 1 ). This overall accessibility improvement indicates that the RTNC has become a more compact system over time. However, spatial variations of accessibility dynamics are obvious. Following the convention, we divided the whole sample into three regions: Eastern region, Central region, and Western region. The relative average accessibility ratio between the Eastern region and the nationwide level is 1.2, much higher than the Central region (1.16) and the Eastern region (0.75). In terms of accessibility change rates, we found substantial improvements in the Eastern region (a rise of 26.65%), as compared to other regions. Looking specifically at variations at the province level, provinces generally experienced accessibility improvements (Figure 1) . The y-axis of Figure 1 plots the province-level accessibility growth rate between 2006 and 2014, whereas the x-axis of Figure 1 plots the relative ratio between mean accessibility levels by provinces and the national mean level. In terms of territorial polarizing effects, provinces from the Western region such as Xinjiang, Gansu experienced much lower accessibility growth rates than those from the Central and Eastern regions. Second, we experimented with alternative choices by assuming a larger value of θ = 4 for the purpose of comparison. Descriptive statistics from Table 1 indicate that these alternative weighting schemes (mechanically) change the accessibility impacts of HSR network expansions, and the results largely hold the same pattern in terms of the qualitative nature. Third, the rank distribution of the top 20 counties' rail accessibility remained robust in terms of absolute values but sensitive to the inclusion of accessibility changes (Table 2 ). More than half of the top-ranked accessibility improvement counties are from less-developed regions and mountainous areas. Figure 2a ,b compares the spatial distributions of county-level accessibility changes by different spatial decay parameters. The darker colors in each figure are areas with higher accessibility improvements. The primary pattern emerging is that the spatial concentration of accessibility improvement areas is much more obvious when θ = 1 than θ = 4, but this is mainly a mechanical re-scaling of "market potential". We find strong evidence that the presence of railways improves on the spatial disparities of accessibility between regions, though this would also depend on the policy preferences. Our graphical evidence indicates that each radial railway displaced significant improvements in accessibility of counties in core regions relative to periphery regions. Since most Chinese counties experienced growing access to rail systems during our study period, transport improvements can explain this territorial polarizing pattern between regions. These findings provide empirical evidence in support of the conventional wisdom that transport infrastructure improvements are important for reshaping local market potential across space. 
Spatial Development Models
The recent rail transit development process and its structural transformation are related to the planning of the rail transport network in China. This process of expansion is now moving from initial point-to-point connection structures to stages of coast-to-inner-land trunk corridors and a core-periphery urban network. Building on the results above, we now exploit the spatial structures, using a set of heterogeneous conceptual models in major metropolitan regions. The models generalize and highlight the fundamental characteristics of urban connections from rail network expansion perspectives, and they can be applied to other fast-growing countries by incorporating local socioeconomic characteristics.
Scattered Point-to-Point Structure
The development of HSR lines in China has a short but booming history. The initial HSR constructions were designed to stimulate traffic flows between mega-cities. Besides the small spatial coverage of the HSR network, most bullet trains did not have high frequency services and large capacities at the initial operation stage. Rural counties along these upgraded HSR networks may not gain substantial accessibility benefits from being close to the HSR lines due to the lack of train stop allocations. For example, only a few counties have HSR train stops between Beijing and Tianjing (Figure 3a) . The HSR ticket prices and construction costs were also unaffordable for local governments and residents. HSR routes were only anchored by mega cities with large market potentials and characterized by the "scattered point-to-point development" model at this stage. 
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Trunk Crossing-Corridor Structure
Shortly after the 2008 global financial crisis, the state government accelerated the planning and opening speeds of new HSR lines, particularly by linking coastal regions with inner-land regions. This provides the insights on historical findings by Taaffe et al. [34] in colonial countries where the evolution of railway networks followed the coastal-to-inland trunk corridor development model.
Typical examples include the opening of the Beijing-Wuhan-Guangzhou HSR line, the Shanghai-Xi'an-Lanzhou HSR line, and Shanghai-Changsha-Kunming HSR line, etc. Such a crossing-corridor evolution pattern followed the central-planned railway development strategies for linking portal cities in the coastal region with geo-political centers in the inner-lands. With more and more HSR lines and stations opened, transit-induced accessibility benefits have expanded from counties within a narrow corridor surrounding the transit lines to wider groups of neighboring counties that can directly and indirectly access to HSR services for achieving higher market potential. As such, we see strong evidence about high accessibility improvements that are spatially concentrated along several trunk transportation corridors (Figure 3b ). However, it should also be noted that accessibility benefits are not distributed evenly along these trunk corridors, with higher improvements occurring in core cities relative to secondary and third-tier cities.
Multi-Layer Core-Periphery Structure
With the formation and maturity of the HSR and highway networks, the multi-layer core-periphery development pattern has been structured with several characteristics. First, a nationwide hub-and-spoke network emerged with Beijing, Shanghai, Guangzhou, Wuhan, Chengdu, Kunming, Urumqi as major hubs and their neighboring counties as the formation of periphery regions (Figure 3c ). Second, many large metropolitan areas have been connected by multiple HSR lines (though some of these lines are still under-construction and planning stages). In a multi-HSR connection system, a spatial development model with multi-core cities would be able to have access to larger hinterlands for capital fundamentals such as goods, services, and labor markets (Figure 3d ). In the light of existing studies, improved accessibility between ex ante-asymmetric markets could be a force for the diffusion of economic activities to peripheral cities especially in the decentralized network evolution process. Third, accessibility improvements are concentrated not just between megacities, but also across peripheral cities. In the presence of comparative market access advantages, intense traffic flows may also increase the productivity of secondary and third-tier cities.
It is important to note that, what we may learn about accessibility patterns is well beyond the realm of conventional theory-based assessments. Many explanations of market potential rely on the microfoundation of spillover effects that lead to theories of trade and market competition, industrial 
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It is important to note that, what we may learn about accessibility patterns is well beyond the realm of conventional theory-based assessments. Many explanations of market potential rely on the microfoundation of spillover effects that lead to theories of trade and market competition, industrial clustering, and economic integration. In this paper however, we have stepped back from casual concerns and focused on new stylized facts to be explained. A direction for future research is to look into how the opening of a high-speed rail (HSR) line can exactly shape changes in market potential and how changes in market potential affect changes in travel flows and economic output at affected areas versus unaffected areas. Another line of future research is to simultaneously consider main highway, air traffic network expansions when evaluating the accessibility impacts of railroad infrastructure improvements.
Conclusions
This paper focuses on the impact of intercity rail network improvements on accessibility dynamics using micro-geographic data from the China's recent HSR development experience from 2006 to 2014. On the one hand, new intercity rail transit investments have provided strong influences on accessibility levels in both of core regions and periphery regions. On the other hand, we find empirical support for the theoretical hypothesis that rail network expansions have a differential impact on accessibility dynamics between core and periphery regions that may help explain the formation of territorial polarizing patterns.
Given the importance of railway investments on enhancing and shaping location accessibility, our findings are therefore important for policymakers in making sound allocation decisions of public expenditure in the light of the recently estimated 2300 billion-yuan (1USD = 6.5 yuan) HSR Development Plan over the 12th-13th five-year national plan period (2012-2020). The evolution of inter-county accessibility patterns is related to the ongoing expansion of the Chinese HSR network. Future work in this line of research is encouraged to collaborate our results and quantify the effects of rail network expansions on urban and regional economic agglomerations. This would provide insights on the logic of seeing HSR constructions as the panacea for the so-called "new urbanization growth agenda" in China.
